Cognitive task analysis (CTA) is a process to determine cognitive activities required to accomplish a given task. Different methods have been proposed and advocated in performing CTA. In this paper, we report a pilot trial using eye-tracking data to facilitate CTA. A mobile eye-tracking device was used in surgical operating rooms to acquire eye-tracking data from an operator during a highly complex, taxing procedure: tracheal intubation. A desktop task analysis was performed to establish visual cues and their associated goals during tracheal intubation. Eye tracking data were reviewed by Subject Matter Experts (SMEs) as memory recall cues. The advantage of such use of eye tracking data was that the SMEs did not have to provide frame-by-frame analysis of the fixations, since they provided speculation on fixations and mental processes, cued by the eye tracking data. Pilot trials showed the value of eye tracking data in CTA in terms of knowledge elicitation. Future exploration of such methodology is highly suggested given the increasing feasibility of deploying eye-tracking devices.
Introduction
Cognitive task analyses (CTAs) are labor-intensive undertakings, yet they are an essential component of many types of research, systems-design, training, and performance evaluation. The cognitive task analysis can be decomposed into three primary stages (Schraagen, Chipman & Shalin, 2000) . First, the preliminary "boot-strapping" phase (Hall et al., 1995; Hoffman et al., 1995) , which consists of readingup on the topic in question, interviewing subject matter experts (SMEs), and performing a preliminary "table-top" analysis (Flach, 2000) . The second phase involves determining the method by which the knowledge-abstraction will be mapped, such as semantic network or clustering techniques (e.g. Roske-Hofstrand & Paap, 1986) , goal/method graphs (DuBois and Shalin, 1995) , or other types of knowledge-representations. Lastly, knowledge elicitation techniques are used to obtain the underlying cognitive processes and structures, and this knowledge can be mapped into the CTA through whichever knowledgerepresentation technique has been chosen. Commonly, structured interviews and think aloud protocols are used (Ericsson and Simon, 1984; Klein, 1989) , sometimes in conjunction with the review of videotape (Sanderson and Fischer, 1994) . Structured interviews without the benefit of recall aids can have the shortcomings of eliciting knowledge not supported by practice (Bernard, et al., 1984) . Video taped events can provide an effective memory cue facilitating recall; however, despite all the richness of the video data, it often lacks the specific level of detail needed to provide insight into the cognitive processes of the operator.
Each of these stages contributes to the effectiveness and accuracy of the CTA. In an effort to increase the efficiency of the labor-intensive knowledge elicitation process, we are reporting here a pilot study on the use of eye-tracking data as a catalyst for assisting knowledge elicitation.
Our objective was to test the use of new eye-tracking technology to facilitate the knowledge-elicitation on a previously analyzed task.
The use of eye-tracking data from real-world environments is rarely considered for two reasons. First, eye tracking is overlooked because a mobile eye-tracking unit is often thought of as impractical. Second, analyzing the generated data fixation-by-fixation is labor-intensive. Recently, however, both the price and size of the technology has decreased dramatically, making portable eye tracking both practical and accessible. Eye trackers can be worn in a small backpack and carried by operators into nearly any setting. In addition, the labor-intensivity issue is addressed because the technique proposed here does not require in-depth, fixationby-fixation cataloging of eye fixation data, thus eliminating a major hurdle of data analysis in other eye-tracking techniques. Instead of cataloging fixations, the current technique uses the eye-tracking data to cue recall in the operator, or to generate knowledge-structures and cognitive processes from SMEs.
Thesis:
Eye tracking data is an easily acquired and efficient source of data that provides unique insight rarely available through other means of analysis. Reviewing eye-tracking data with operators with a structured interview provides quick and effective results.
Method/ Sources of Information
Previously, a task analysis was conducted to describe the detailed task sequences at intubation, a process in which a breathing tube is passed through the patient's mouth into the windpipe (See Mackenzie, Xiao and LOTAS, 1999) . The result of the analysis was a list of steps before, during and after intubation. The list was generated through a consensus process by SMEs. The primary use of the list was to analyze performance as captured on videotaped performance in a real life setting. The list was intended to code visible activities on videotapes and thus was not targeted to mental or cognitive activities.
An ambulatory eye-tracking unit was used to collect videobased eye-tracking data (Seagull and Xiao, 1999) . The video provides a first-person perspective view of operator activities, and consists of a first-person view of the scene with crosshairs overlaid on the scene to indicate the specific point-of-gaze of the operator (Figure 1 , top).We used video taken from an expert operator wearing a mobile eye-tracking system (Figure 1 , bottom) performing the task of tracheal intubation in the surgical operating room. A tabletop analysis of tracheal intubation produced a template of typical tasks carried out immediately before, during and immediately after intubation. This template was intended to be used in the review by SMEs of videotape of the procedure. The video was reviewed by the operator, as well as other SMEs.
Using this tabletop analysis as a basis, a series of interviews was carried out to determine what visual cues operators would use while performing the task of intubation. Paired with the results of a tabletop analysis, the video was used for cued recall.
The SMEs viewed analog videotapes of eye-tracking images (as in figure 1, top) of the intubation task being performed. They were then asked to use the task template to evaluate the effectiveness of the operator in carrying out each of the physical tasks listed in the task template. They were also asked to speculate about the reasons for specific visual fixations in relationship to the goals of the task.
Video review allowed freeze-frame analysis of operator activity at key points to evoke commentary by the SMEs regarding specific visual fixations or action. Specific types of questions posed to the SMEs reviewing the eye-tracking video included the following:
• What does the operator have to look at to accomplish this specific task? What will those items tell him or her? • Why is the operator looking at this specific item at this point in the task? • What does the information in this fixation contribute to what the operator knows at this point? What other information is needed? Slow-motion review of the video allowed SMEs to evaluate a pattern of fixations without the need of fixation-by-fixation listings of the fixations or statistical analyses of scanning patterns. In addition, high-speed video scanning allowed easy survey and overview of actions and tasks performed. Unlike low-level, statistical analysis of eye-tracking fixation coordinates, this technique exploits the human ability for pattern recognition to extract meaning from the scan-patterns captured in the data.
This simple technique, and these simple questions, when combined with the ability to freeze, slow, or speed video to scan for specific events, judged to be a powerful and highly effective technique.
Findings and Discussion
Fixations for determining perceptual cues used Video eye-gaze data can be used to augment the rationale, actions and contingencies not apparent in general knowledge elicitation in the following way: Asking SMEs to hypothesize about the reason for a particular visual-fixation led to explanations that revealed strategies not discovered previously through other means.
Perceptual cues used by operators were more thoroughly discovered when experts reviewed eye-movement video when compared to unaided methods. When paired with the tabletop analysis, these perceptual cues were not limited to visual perceptual cues. In one example, an undocumented strategy for checking neuromuscular blockade was uncovered when no visual fixations were found on the video data to indicate that the operator checked the neuromuscular blockade status. Since the tabletop analysis had revealed that this was an essential step in the process, we pressed the expert to determine how the check was being accomplished. Two strategies emerged-one, from a brief visual fixation on the operator's hand, the strategy of "rocking the jaw" of the patient was revealed-a manual task not otherwise observed, and not previously mentioned by SMEs. A second hypothesized strategy (later born out by further interviews) involved the fact that when neuromuscular blockade is achieved, the ventilation of the patient becomes easier. As a result, the tactile feel of the ventilation bag changes, and the rise-and-fall of the patient's chest becomes more pronounced. Similarly, when asked why the operator showed repeated fixations on the facemask of the patient, one SME offered an explanation of observing the fogging of the facemask on the patient as a means of monitoring the effectiveness of ventilation.
Discovering the perceptual cues used by expert practitioners is an essential component of an effective cognitive task analysis (Klein, 1999) , and using eye-tracking data can be an efficient methodology for determining these perceptual cues.
Eye-tracking for efficient and realistic scenario generation Eye gaze patterns can be used as a catalyst for discussion much in the same way a narrative case study can be used in structured interviews, or in instruction. However, the time involved in generating such cases is much reduced, and realism and detail level is increased. Scenarios can be generated immediately by having an operator wear the eyetracker once during performance of the task. One disadvantage of this method is the lack of control over the specific scenario-one can only capture performance as it occurs, and capturing rare or exceptional events could be difficult. However, the benefit of such a method is that the scenarios can be realistically communicated in extremely high detail to other SMEs or trainees through the viewing of videotaped eye-data. The data allow insight into operators' cognitive processes, and communicate realistic perceptual information in the experientially valid first-person perspective. A strength of this method is its production of scenarios that are realistic and that provide sufficient detail-these qualities are ensured by default.
Alternative to think-aloud protocol Review of eye-tracking video can be used as an alternative to think-aloud protocol. One advantage of eye tracking techniques over think-aloud protocols is that there is no cognitive imposition on the operator during task performance. There is a slight physical burden, but the burden interrupts neither operator cognition nor task performance. The review of the data does not have to be performed by the person who wore the eye-tracker. The technique is based on the premise that eye gazes provide insight into the thought process of an operator. During highworkload tasks, eye-movements are frugal-because there are few spare resources, there are few "wasted" eye gazes. Thus when analyzing eye-movements of an operator at such a time, fixations on seemingly irrelevant information often reveals hidden expert strategies. The technique can be effective by encouraging the viewers of the tape to justify perceptual information seeking action of the operator.
Additional specificity afforded to cued recall with video. While video can be a powerful tool for cued recall, it may not provide essential information to the reviewer. Helmetmounted cameras, which can be useful in cued-recall of decision-making performance (Omodei, 1994) , provide some data on visual foci of the operator. Eye-tracking data, in comparison, can provide an additional layer of specificity to head-mounted cameras. In tasks involving visual scanning of objects or items in close physical proximity, the head-mounted view may not reach the level of detail needed for analyzing mental processes. In the case of anesthesia, our video record often shows no head movement (i.e. no change in the perspective captured by a head-mounted camera) while the anesthesiologists shifted their gaze between the patients' eyes and mouth, between the IV line and the bloodpressure cuff, or between various parameters displayed on the patient monitor. With the eye-tracker, these shifts were clearly captured. SMEs could generate rationale for the shifts in gaze.
The utility of this added specificity was demonstrated by Via, et al., (2001) , who compared the accuracy of evaluation of anesthesiologists' performance by using ordinary video review compared to eye-tracking video. Evaluation using eye-tracking video was shown to increase accuracy of evaluation. Specifically, accuracy of evaluation was improved by providing clear evidence of the performance of required checks of CO2 levels by operators, where there was no observable evidence of such checks in standard video.
Strengths and Limitations
Using eye-tracking video provides added advantages over other techniques of Cognitive Task Analysis, however it has its limitations. Like any tool, its use is circumscribed by the context and nature of the task being examined. The current study used the eye-tracking technique successfully in the medical domain of the operating room. The medical domain is replete with environments and tasks rich with visual information. The need for monitoring that information, making decisions and acting on those decisions is fundamental to that domain. These characteristics make this domain appropriate for the eye-tracking technique described in this paper. Table 1 lists some of the general characteristics of tasks that we believe are appropriate for this technique, as well as characteristics that limit its usefulness. A second potential limitation of the eye-tracking technique is one it shares with all other retrospective techniques: the potential for a retrospective bias. However, the level of detail contained in the data may limit this problem. Furthermore, even though the "cued recall" may not reflect the thoughts of the operator whose eye-tracking data was captured, it can be used as a means to elicit knowledge, knowledge structures, relevant perceptual cues and reasoning processes (e.g. see Dominguez, 1998) . Its accuracy in capturing what the operator was actually thinking is less important than accurately capturing what an operator could or should be thinking. This affords the review by an SME other than the one who recorded the data, providing additional flexibility.
Conclusions
Eye tracking is by no means a panacea for solving all of the difficulties of effective cognitive task analysis. However, the currently proposed technique does offer a number of strong incentives for its use in knowledge elicitation. It can be very effective in determining perceptual cues used by experts; provides an much more specific alternative to regular video-cued recall; can be used to quickly generate scenarios for either knowledge elicitation or training; and it can be a valuable tool for performance evaluation. This type of analysis of eye-tracking data does not replace statistical analyses of eye-gaze coordinates. Rather, it offers an alternative technique that answers a different set of questions-it opens a window of insight into cognitive processes necessary for an effective Cognitive Task Analysis.
